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to produce a given pressure rise. One method of reducing the number of stages is to raise individual blade loading to a limiting value. A study is being conducted at the Lewis Research Center t o determine maximum blade loadings that can be realized in a singlestage axial-flow rotor. The level of blade loading must be consistent with acceptable values of efficiency, stall margin, and stable operating flow range.
The stages which compose the main pressure producing portion of a multistage axialflow pump characteristically have airfoil sections, relatively short chords, and high hubtip radius ratios. The hydrodynamic design of these stages is governed primarily by blade-loading considerations.
In the following discussion a measure of the blade loading is provided by a blade diffusion factor, or D-factor, which is developed in reference 1. The D-factor reflects the blade-suction surface velocity gradients and is computed from blade inlet and outlet velocity diagrams. The initial levels of blade loading chosen for a typical loaded axial-flow pump rotor were the levels where losses began to increase rapidly with increased loading Analysis of the performance of this rotor indicated that the levels of loading could be further increased.
The study of blade loading limits w a s extended by the design, fabrication, and testing of an 0.8 hub-tip ratio, axial-flow rotor with a blade-tip D-factor of 0.66. This report presents the design and overall performance of the latter rotor at both cavitating and noncavitating flow conditions. The variation of head rise across the blade at midpassage as flow was reduced through the blade-stall region and toward shutoff is also presented.
PUMP DESIGN

General Characteristics
The design system used for this rotor assumed blade-element flow and axial symmetry. Using a blade-element flow, both the velocity diagram calculations and the bladesection profile designs were conducted across a number of surfaces of revolution. In this design, blade elements were assumed to lie along cylindrical surfaces and were stacked on a radial line through the centers of gravity of the individual sections.
A velocity diagram study which assumed no inlet whirl and no change in axial velocity across the rotor indicated that, for a given level of blade loading (D-factor), the ideal head-rise coefficient was increased as the inlet flow coefficient w a s increased. Some of the results of this study are shown in figure 1 to demonstrate the desirability of increasing the flow coefficient at the inlet to highly loaded stages.
However, in a multistage application some limitations on the level of flow coefficient a r e introduced by the inducer which, typically, has a low inlet flow coefficient and a low hub-tip ratio. The higher flow coefficient for the loaded stages must be obtained by contracting the flow passage, which results in high hub-tip ratios for the loaded stages.
Thus, for very high flow coefficients the blades of a loaded stage may be quite short.
With these limitations in mind the radius ratio of 0.8 was selected for this rotor. bility with existing rig components. which was considered satisfactory for measuring blade-element performance data.
A rotor with a 9-inch tip diameter was chosen for compatiThese choices resulted in a blade height of 0. 9 inch
Velocity Diagrams
The inlet velocity diagrams were computed from a selected ideal flow coefficient q. and the assumptions of a radially constant, axial inlet velocity with no prewhirl. The axial velocity used to compute y~ . was based on the total flow rate and the inlet geometr i c area.
A number of conditions were imposed on the computation of outlet velocity diagrams. First, the rotor was to produce a total head r i s e approximately constant radially. Because the inlet total head was assumed constant radially, this design condition tended to minimize any mixing losses and tended toward reducing radial gradients of axial velocity thus facilitating staging. Secondly, the level of blade loading was raised above that used in current practice by requiring a tip D-factor in the range of 0.65 to 0.70. Finally, the losses incurred in the flow across each element were to be related to blade loading, or D-factor. ing eight steps. The equations utilized in the calculation procedure a r e presented in appendix B. The steps in the procedure were: sideration the anticipated radial distribution of loss.
and outlet velocity diagrams were computed at five radial locations. The procedure used to achieve these required outlet conditions is given in the follow-1. A radial distribution of Q i (ideal energy addition) was selected taking into con- The different curves clearance, secondary flows, and other radially varying losses. Because the curves shown in figure 2 depended primarily on performance data from two high-staggered blade rows, caution should be exercised in applying the values generally.
rium expression to compute a new distribution of 'pa. This new distribution 'p2 was required to satisfy both radial equilibrium and continuity. In this calculation, an initial value of 'p2 was assumed at one radial location and the radial gradient of q 2 required to satisfy radial equilibrium was then computed. This radial distribution of 'p2 was then integrated over the flow passage to check continuity. A new value of 'pa was assumed and the computations were repeated until a distribution of 'p2 was found that satisfied both radial equilibrium and continuity.
This process was repeated until the 'p2 distribution computed in step 5 compared with that assumed in step 2 within an acceptable limit. The iteration converged rapidly.
7. The rotor-head-rise coefficient q was computed from q i , the inlet velocity diagram, and the loss coefficient 75 found in step 4.
8. Next, the radial distributions of q and 'p2 were examined to see if large gradients existed. If necessary, changes in 'pi or the distribution of +i were made to reduce the gradients to a level considered acceptable.
demonstrated by the three examples presented in figure 3 . A qi varying linearly from 0. 5 at the tip to 0.4 at the hub and a 'p; of 0.36 were used in the first example ( fig.   3(a) ). ample.
value of 0.45 are shown in the second example ( fig. 3(b) ). Both the resulting + and 'p2 gradients in the tip region were larger than desired.
5.
The selected values of +i and the computed loss were used in a radial equilib-
6.
The final 'p2 distribution computed in step 5 was used to repeat steps 2 to 5. fig. 3(c) ). The resulting distributions of $ and cp2 were considered satisfactory.
The plots shown in figures 3(a) and (c) illustrate the desirability of using a high cppi for this rotor design. It shows that the increased energy in the outlet axial velocity allowed radial equilibrium requirements to be met without a large gradient of outlet axial velocity.
Velocity diagram parameters computed for the 2:.162 design of this rotor are summarized in table I. Incidence and deviation angles were found using the method of reference 2 with the following exception.
The correction factor (ip -i2-D) in the equation
was chosen on the basis of data from reference 3. A chord of 1.49 inches at all radii was selected to give an integral number of blades for the desired solidity 
APPARATUS AND Test Faci
PROCEDURE ity
The rotor was tested in the Lewis water tunnel which was described in reference 5. a water temperature measurement and control system, a speed pickup with electronic counter, and an inlet pressure transducer.
Cavitating characteristic curves were taken at several net positive suction heads with the survey probes set at the 10 percent measuring station where the effect of cavitation on head r i s e was expected to appear first. Also, complete radial surveys were taken at four cavitating Hsv with the flow held constant at approximately the design value. Cavitation in the rotor was observed visually using a movie camera and synchronized light source. flow and rotor head r i s e with the survey probes at the 50 percent measuring station.
Overall loop instrumentation used included a venturi meter, Performance of this rotor in the stall region was investigated by recording venturi 
RESULTS AND DISCUSSION
Noncavitating and cavitating results are presented in separate sections. The noncavitating net positive suction head Hsv was selected by first determining the Hsv (for a given speed and maximum flow) above which no increasc in head rise could be measured. Noncavitating Hsv was set as much above this value as strength considerations of the collector would allow.
ary layer at the inlet to this rotor, velocity profiles across the boundary layer on the outer wall casing were measured for several values of flow coefficient. These velocity profiles were measured with survey instrumentation rather than special probes. These measurements indicated:
from the outside wall lay inside the boundary layer. blade element 10 percent of the passage height from the wall lay in the region where the boundary layer and the free stream coalesced. considered for describing blade-element performance.
(2) Integration of the profiles to obtain a displacement thickness on the tip casing and the assumption of an equal displacement thickness on the long stationary inlet hub casing led to an inlet casing boundary layer blockage factor of approximately 3 percent of the annulus area. Since the annular wall boundary layers reduce the effective flow area, the inlet velocity diagrams were reached at a Figure 11 shows the variation of rotor head-rise coefficient I) measured across the midpassage station as flow was reduced into the stalled operating range. This portion of the investigation was carried out at a reduced speed (Ut = 78 ft/sec). AS (p was reduced from a maximum value, I) increased consistently to a maximum value of 0.425 at 7 of 0.38. A s 7 was further decreased, the rotor stalled and I) dropped off very rapidly At the blade outlet, peak-to-peak amplitudes in the stalled operating range were approximately four times as large as those measured in the unstalled range. The 20 and 40 cycles per second frequencies were also detected at the outlet in the stalled region. Typical traces of pressure fluctuations recorded at the inlet and outlet of the blade as flow was decreased from the stable operating range into the stalled region are shown in figure 12.
Stall Performance
again established until a 7 of approximately 0.45 was attained. Thus, a hysteresis loop was formed as shown in figure 11 (p. 12) . Any minute increase in flow from the operating point 4. = 0.395, I& = 0.34 on the stalled characteristic resulted in the reestablishment of unstalled flow conditions. The dashed line through this point to some operating point on the unstalled characteristic then essentially represents a system operating characteristic and could be expected to vary with each system in which the pump is installed. In the system used in this investigation the design-flow operating point lies on the hysteresis loop. When this occurs, some problems in attaining design flow during startup and acceleration and recovering from a stalled condition might be anticipated.
As flow was increased while in a stalled condition, stable flow conditions were not Cavitation Performance in figure 16 indicates that the increase in +bl0 over noncavitating values became larger as (p was reduced.
SUMMARY OF RESULTS
A 9-inch diameter axial-flow pump rotor with an 0.8 hub-tip radius ratio and a bladetip diffusion factor of 0.66 was designed by blade-element techniques and tested in water.
The measured performance levels and unstalled operating range indicate that designs with this magnitude of flow coefficient and blade loading can be considered for staging in high-pressure, axial-flow pumps.
radial distribution of energy addition increasing from hub to tip were required to obtain a head-rise coefficient approximately constant radially and a gradient of outlet flow coefficient which was considered acceptable. A flow coefficient of 0.466 was selected. 
